The Mg-6Sn-3Al-1Zn alloys treated with the solid solution were induced 25 %, 45 %, 65 % and 85 % rolling deformation at 400 ℃, respectively. The microstructures of as-rolled magnesium alloys were analyzed by XRD, OM, SEM and TEM, the mechanical properties were also measured. The results revealed that the rolled Mg-6Sn-3Al-1Zn alloys were composed of α-Mg matrix phase and Mg2Sn second phase, Mg2Sn distributed at the grain boundaries and intra-grains. With the increasing of the rolling deformation, the volume fraction of Mg2Sn phase distributed at the grain boundaries firstly decreased and then stabilized, the average size of Mg2Sn phase firstly increased and then decreased, the Mg2Sn phase distributed inside the grains gradually transformed from a rod shape to a spherical shape, the volume fraction of the recrystallized grains gradually increased and the average size of the recrystallized grains early decreased and eventually almost unchanged. When the rolling deformation exceeded 25 %, the value of tensile strength and Vickers hardness of the Mg-6Sn-3Al-1Zn alloys increased with the rolling deformation. However, when the rolling deformation exceeded 65 %, the elongation of the magnesium alloys diminished, however, the strength of as-rolled magnesium alloys did not increase significantly when the amount of rolling deformation increased from 65 % to 85 %.
A c c e p t e d M a n u s c r i p t
Introduction
Magnesium alloys have been and continue to be the most widely used in many fields, from daily necessities to aerospace, due to their low density, high specific strength and excellent electromagnetic shielding capability [1] [2] [3] . However, low strength and the extremely poor plasticity at room temperature have directly limited the applications of the magnesium alloys in many fields [4, 5] . In recent years, many series of magnesium alloys have been reported. For example, magnesium alloys with different rare earth elements [6, 7] , magnesium alloys with different elements (such as Al, Zn, Sn, Mn, and Li) have exhibited excellent properties [8] [9] [10] . The mechanical properties of the magnesium alloys can be strengthened by plastic deformation processing such as extrusion or rolling [11, 12] . Magnesium alloys are popularly used in many fields by strengthening the low strength and poor elongation at room temperature. For further application, there is a necessity to control costs in the business which leads to the inability to upgrade the mechanical properties of magnesium alloys through adding more precious metals. Among the majority of magnesium alloys, Mg-Al alloys are low in cost, easy to cast, and have excellent mechanical properties, which make such magnesium alloys have a higher specific gravity [13] . The Zn element could effectively intensify the creep strength of solid Page 2 of 20 AUTHOR SUBMITTED MANUSCRIPT -MRX-120203 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 solution alloys at higher temperatures because of inhibiting non-basal slip [14] . The addition of Sn element can suppress the eutectic transformation and refine the eutectic phase. The addition of a small amount of Sn element can facilitate the formation of dispersed short rod-shaped Mg2Sn particles and enhance the strength of the Mg-6Sn-3Al-1Zn alloy at room temperature and high temperature [15] . In order to obtain a lower cost magnesium alloy, we should reasonably control the ratio of Al, Zn, and Sn in the magnesium alloy.
In recent years, a large number of studies have reported on Mg-Sn-Al-Zn system [16] [17] [18] . However, few works have pointed out the effect of rolling deformation on the mechanical properties of Mg-6Sn-3Al-1Zn alloy. Herein, we have explored the effects of rolling deformation amount on microstructure and mechanical properties of Mg-6Sn-3Al-1Zn alloy. The desired properties have been achieved successfully by controlling grain size and second phase distribution. In addition, the microstructure and composition of the samples are characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). The discrepancy in mechanical properties of magnesium alloys with different rolling deformation amount is explained by the microstructure, the volume fraction, size, shape and distribution of the second phase particles, the volume fraction and grain size of the recrystallized grains. The present researches have considerable value for the applications of Mg-6Sn-3Al-1Zn alloy and guiding significance for the development of magnesium alloys in the future.
Experimental

Fabricated of cast Mg-6Sn-3Al-1Zn alloy
Herein, the alloy used in the experiment is Mg-3Al-6Sn-1Zn. Firstly, the raw materials of the alloy were weighted by analytical balance according to weight ratio of the alloying elements, 1620 g of pure Mg, 54 g of pure Al, 108 g of pure Sn and 18 g of pure Zn. Secondly, the mold was heated by high temperature box resistance furnace in order to make the alloy smoothly fill the cavity during the casting process. Thirdly, the SG-3-10 type smelting furnace temperature was heated to 750 °C and a mixture Page 3 of 20  AUTHOR SUBMITTED MANUSCRIPT -MRX-120203.R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 protective gas of SF6 and Ar with a volume ratio of 99:1 was introduced into the crucible, and then the pure magnesium bulk was heated to complete melting. After removing the upper scum of the magnesium liquid, the Sn, Zn, and Al metal blocks were respectively added to the magnesium liquid successively. After the metal blocks completely melted, mechanical agitation was performed on the melt for thoroughly mix uniformly, and then the upper layer impurities were removed. Fourthly, when the temperature of the melt increased to 730 °C, about 36 g of the refining agent was added to the melt and subsequent stirring will ensure homogeneous mixing. Fifthly, the melt was heated to 750 °C and held for 20 min, then naturally cooled to 730 °C and casted into a pre-prepared mold. After the mold was cooled for a while, the mold was finally opened to obtain the desired billet.
Preparation as-rolled Mg-3Al-6Sn-1Zn alloy samples
The 
Mechanical properties test (1) Vickers hardness test
The square sample (10 mm×10 mm) was made by wire cutting and underwent a hardness test at 0.2 kgf loading force and dwelling time of 10 s by a Vickers hardness tester (WILSON VH1102). Each sample was tested 5 times and the average value was as the finally hardness value.
(2) Tensile property test
The standard sample form was mechanized by wire cutting and shown in Fig. 1 .
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Fig. 1
The sizes of tensile sample second phase. Besides, the inferior diffraction peak (2θ = 34 °) intensity increases significantly as the amount of rolling deformation increasing. However, when the rolling deformation achieves to 85 %, the diffraction peak intensity decreases slightly. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 7 deformation, the number of twins is gradually declining until such phenomenon disappears. When the rolling deformation attains 65 %, the majority of the regions have transformed into fine grains by dynamic recrystallization, and the number of twins reduces radically. When the rolling deformation enhances to 85 %, the sample almost composes of small crystal grains, which indicate that the dynamic recrystallization process has been completed. In addition, the Mg2Sn phase is broken down and distributes more uniformly as the rolling deformation increasing. Fig. 4 (c) and Fig. 4(d) , the average misorientation angle increases with increasing of the rolling deformation, which indicate that the proportion of high angle grain boundaries increases because of increasing of the number of recrystallize grains [19] . Otherwise, it's worth noting that only a few of misorientation angle concentrate on near high-angle boundaries ( Fig. 4 (c) and Fig. 4(d) ), which indicate that few { 10-12 } extension twinning and {10-11} extension twinning exist in deformed alloy. Related studies have reported that these twins have a special orientation relationship with the parent crystal ({10 2} twin 86.1° and {10 1} twin 56°) [19, 20] . Thereby, in order to observe twinning boundaries distribution visually, we used EBSD technology to index twinning boundaries ( Fig. 4 (e) and Fig. 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 8 the volume fraction of the twinning boundaries decrease with the increasing of deformation, the volume fraction of the twinning boundaries of the rolled alloy with 25 % deformation is 1.29 % (Fig. 4e ), after the sample is rolled with 45 % deformation, the volume fraction of the twinning boundaries decrease to 0.26 % (Fig.   4f ). These indicate that with the increasing of the rolling deformation, the number of twins is gradually declining, these results are consistent with the results of the OM analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The SEM images of the magnesium alloys with different rolling deformation are shown in Fig. 7 . As can be seen from the Fig. 7 , the inside of the magnesium alloys are discovered small size particles. Interestingly, as the rolling deformation increasing, these fine particles reform from a rod shape to a spherical shape. When the rolling deformation attains to the 65 %, the rod phase has been reformed to spherical phase completely. In addition, the spherical phase clearly increases after the alloy experiences 85 % rolling deformation.
Results
Microstructural characterization
The HADDF (high angle annular dark field probe) bright field image and the corresponding EDS picture of the sample with a rolling deformation of 85 % are shown in Fig. 8 . As can be seen from Fig. 8(a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 shown in Fig. 8(b) . Clearly, the plentiful granular phase is Mg1Sn3, it is because that the atomic percent of the Mg and Sn elements (Mg: Sn = 22.3: 76.3) is approximately 1:3. However, according to Mg-Sn binary diagram [21] , the major phases of Mg-6Sn-3Al-1Zn alloy are α-Mg and Mg2Sn phase after rolling at 400 ℃. From the above analysis, the granular phase in the TEM image is Mg2Sn phase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Mechanical properties of the Mg-6Sn-3Al-1Zn alloys with and
without rolling at different deformation Fig. 9 The tensile stress-strain curves (a). The variation of tensile strength (TS) with rolling deformation (b), the variation of elongation with rolling deformation (c).
The tensile stress-strain curves, the variation of tensile strength and elongation with rolling deformation are shown in Fig. 9 . As can be seen from Fig. 9(b) , the tensile strength of the sample with 25 % rolling deformation decreases to 164 MPa from 203
MPa of solid solution. Subsequently, the tensile strength gradually increases with the rolling deformation increasing, when the rolling deformation reaches up 85 %, the tensile strength increases to 352.5 MPa. Fig. 9(c 
(c)
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The Vickers hardness of the magnesium alloys are listed in Table I . The hardness of the magnesium alloys continue to increase with increasing rolling deformation. 
Discussion
Effect of rolling deformation on texture
The increases of the rolling deformation leads to the grains in the magnesium alloys showing a preferred orientation, and the number of preferred orientation grains increases with the degree of plastic deformation. Rolling pass increases with rolling deformation. And after a rolling pass, the preferred direction further increases. When the rolling deformation is 65 %, the preferred direction of alloy reaches up to the maxima value. When the rolling deformation achieves 85 %, the preferred orientation of grains part eliminate because of recrystallization. Meanwhile, this will slightly weaken the intensity of diffraction peak compare to the sample with 65 % rolling deformation.
Effect of rolling deformation on recrystallized grains
The grain boundaries are mainly recrystallized nucleation region for magnesium alloys during the rolling process. Meanwhile, the twins region becomes the subordinate recrystallized nucleation region. The volume fraction of recrystallized grains of magnesium alloys increase with increasing of the rolling deformation, such a result is caused by the tedious recrystallized process, because of rolling pass increase 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 16 with rolling deformation and need heat preservation after rolled each pass, recrystallization take place every time heat preservation. The sample with 25 % rolling deformation possesses 9.6 μm recrystallized grains. However, the average recrystallized grain size of the 45 % rolling deformation alloy is 3 μm. It is because the average recrystallized grain size is big after rolled with 25 % rolling deformation, the further rolling will produce the fresh driving force in initially formed recrystallized grains, which significantly promote the dynamic recrystallization process. When the rolling deformation exceeds 45 %, the grain size is sufficiently fine, and the second dynamic recrystallization cannot take place in initial dynamic recrystallization grains through produce new driving force. Finally, the average recrystallized grain size is basically constant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 17 size and the increase volume fraction of the recrystallized grains. Besides, the rod Mg2Sn phase constantly breaks down to spherical phase with the rolling deformation increasing, after rolled with 65 % thickness reduction, the rod Mg2Sn phase completely turns into small spherical phase with 100 nm in diameter. The number of spherical phase increases after rolled with 85 % thickness reduction, which plays a role of dispersion strengthening. 
Effect of rolling deformation on mechanical properties
Conclusions
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